Introduction {#sec1}
============

In the era of precision medicine, targeted cancer therapies are a critical cornerstone. Practical applications of targeted therapies include targeted delivery or targeting of a specific molecule to increase the therapeutic index. Aptamers are structured nucleic acid ligands that show high affinity and binding specificity for their target molecules.[@bib1] These compelling features have driven the search for cancer-specific aptamers that react with the receptors on the surface of cancer cells.[@bib2], [@bib3] Recently, cancer-specific aptamers have emerged as targeted delivery vehicles for cargos such as small interfering RNAs (siRNAs),[@bib4] small activating RNAs,[@bib5] small molecules, and toxins.[@bib6], [@bib7] Use of such functionalized aptamers for targeted delivery against cancer cell surface receptors has shown successful outcomes that are promising for cancer therapeutics.[@bib8] To take full advantage of the high specificity of aptamers, "molecularly targeted aptamers" may offer another approach for targeted therapies in the cancer field.

Glioblastoma (GBM) is the most common primary malignancy of the CNS, with an incidence of 3.19 per 100,000 people and a 5-year survival rate of less than 5%.[@bib9] Despite considerable efforts to develop effective therapeutic options, it still remains incurable. The progression of GBM is characterized by the abnormal activation of receptor tyrosine kinase (RTK) signaling pathways[@bib10] that regulate many aspects of tumorigenesis, including cell growth and proliferation.[@bib11] Among the RTKs, platelet-derived growth factor receptors (PDGFRs) are overexpressed in a substantial subset of malignant gliomas, and it is widely accepted that the PDGFR pathway is a driver of GBM.[@bib12] The various isoforms of platelet-derived growth factor (PDGF) ligands and PDGFRs play diverse important roles in regulating the growth and survival of specific cell types during embryonal development and controlling tissue homeostasis in the adult,[@bib13] as well as contributing to tumor growth and metastasis.[@bib14] Therefore, PDGFRs are promising targets for therapeutic development in GBM. PDGFRs are composed of two isoforms, PDGFRα and PDGFRβ.[@bib15] Biologically, there are fundamental functional differences between PDGFRα and PDGFRβ: PDGFRα impacts the CNS,[@bib16] whereas PDGFRβ is essential for development of the vasculature.[@bib17] For targeted therapies, RNA aptamers against PDGFRβ have been isolated;[@bib18] in particular, a PDGFRβ aptamer-chimera carrying siRNA against the transcription factor STAT3 (signal transducer and activator of transcription 3) showed anti-tumor effects and anti-angiogenesis in GBM.[@bib19] This suggests that targeting PDGFRα, the second most commonly amplified gene in GBM[@bib20], [@bib21] and widely considered a "bad seed"[@bib22] for development of GBM malignancies, could also be effective. Therefore, the development of RNA aptamers against PDGFRα is imperative for the sake of GBM cancer patients.

STAT3 is activated by growth factors and plays a pivotal role in the oncogenesis of many human tumors, including GBM.[@bib23], [@bib24] It is involved in GBM stem cell proliferation and multipotency.[@bib25] STAT3 also regulates the cellular epigenetic state, causing stable changes in the ability of cells to respond to stimuli in cancer development.[@bib26] Depletion of PDGFRα attenuates GBM by modulating STAT3 and multiple oncogenic signaling pathways,[@bib27] which suggests the presence of a PDGFRα-STAT3 regulatory axis.

Loss of the histone H3K27me2/3 demethylase JMJD3, also known as KDM6B, enhances aggressiveness in some cancer cells; thus, it is regarded as a tumor suppressor.[@bib28] Missense mutations and aberrant methylation of JMJD3[@bib29] and mutation of H3K27[@bib30], [@bib31] have been reported in GBM, indicating that JMJD3 could be involved in GBM malignancy. Furthermore, inhibition of STAT3 upregulates the expression of JMJD3 in GBM stem cells.[@bib26] Taken together, these observations suggest that targeting the PDGFRα-STAT3 axis will induce signaling cascades to achieve anti-tumor effects in GBM.

Given that knockdown of STAT3 by RNAi leads to a dramatic decrease of proliferation and neutrosphere formation,[@bib25] and the regulatory role of the PDGFRα-STAT3 axis,[@bib27] we hypothesized that targeting the PDGFRα-STAT3 axis would induce potent anti-tumor effects in GBM. To test our hypothesis, we isolated an anti-PDGFRα aptamer and assessed its anti-tumor effects in GBM cells. As expected, the anti-PDGFRα aptamer inhibited gene expression of STAT3 over time and upregulated the expression of JMJD3. Therefore, we suggest that aptamers targeting the PDGFRα-STAT3 axis might be useful as cancer therapeutics in the treatment of GBM.

Results {#sec2}
=======

PDR3 Binds to PDGFRα with High Affinity {#sec2.1}
---------------------------------------

We performed RNA aptamer selection against the ectodomain of recombinant human PDGFRα protein. To remove any non-specific binders, we used beads without target protein for negative selection. After removal of non-specific binders, we incubated the aptamer library with the target protein for positive selection ([Figure 1](#fig1){ref-type="fig"}A). After nine rounds of selection, we identified an anti-PDGFRα aptamer that we called PDR3. We used NUPACK[@bib32] to predict its computational-based secondary structure and showed multiple stem loop structures ([Figure 1](#fig1){ref-type="fig"}B). To perform label-free kinetic analysis of aptamer-PDGFRα interactions in real time, we used a biosensor assay. We measured the equilibrium dissociation constant (K~D~) of PDR3 for PDGFRα as 0.25 nM, with 6.78 × 10^3^ ~M~^−1^~S~^−1^ and 1.68 × 10^−6^ ~S~^−1^ as the corresponding association (K~A~) and dissociation (K~D~) rate constants ([Figure 1](#fig1){ref-type="fig"}C). The binding affinity against PDGFRβ was unmeasurable by biosensor assay ([Figure 1](#fig1){ref-type="fig"}D), suggesting that PDR3 is a PDGFRα-specific aptamer.Figure 1Secondary Structure and Biosensor Assays(A) A protein-based SELEX method was used to isolate anti-PDGFRα RNA aptamers from a randomized 40-nt RNA library. After nine rounds of SELEX, the amplified aptamers were cloned, and individual clones were identified by DNA sequencing. (B) The secondary structure of the anti-PDGFRα aptamer, PDR3, was predicted using NUPACK software. (C) Surface plasmon resonance (SPR) sensorgrams of binding between PDR3 and recombinant PDGFRα. To assess binding, we used a Biacore T100 to monitor label-free interactions and to measure the increase in response units (RUs) from baseline. BIAevaluation software was used to calculate binding affinity (K~D~). (D) The binding of PDR3 to recombinant PDGFRβ was measured using SPR. Binding affinity was not measurable.

PDR3 Aptamer Efficiently Binds to Human GBM Cells {#sec2.2}
-------------------------------------------------

To confirm that the aptamer binds to GBM cells, we used flow cytometry and confocal microscopy to assess live cell binding of PDR3 to the human GBM cell line U251-MG, which overexpresses PDGFRα.[@bib33] We incubated U251-MG cells with a Cy3-labeled initial non-selected aptamer library as a negative control (NC) or with the PDR3 aptamer. Flow cytometry analyses confirmed enriched cell surface binding of PDR3 to U251-MG cells, compared with NC ([Figure 2](#fig2){ref-type="fig"}A). Live cell confocal imaging showed punctate cytoplasmic staining in U251-MG cells after incubation with Cy3-labeled PDR3 aptamer, but no staining was observed with NC ([Figure 2](#fig2){ref-type="fig"}B). The punctate pattern of cytoplasmic staining suggests that the PDR3 aptamer is endocytosed into U251-MG cells. We quantified the extent of internalization using mean fluorescence intensity in confocal images, which showed significantly increased intensity following incubation with Cy3-labeled PDR3 ([Figure 2](#fig2){ref-type="fig"}C).Figure 2Internalization Assays of PDR3 in Live Cells and Relative Target Gene Expression Analysis(A) Cy3-labeled PDR3 aptamer and aptamer library as negative control (NC) were assessed for binding efficiency by flow cytometry in U251-MG cells. The data show measurements of positively stained cells and are representative of duplicates. (B) Cy3-labeled PDR3 aptamer was assessed for intracellular uptake in live cells. Human GBM U251-MG cells were treated with 200 nM Cy3-labeled PDR3 aptamer or aptamer library for 2 hr, and internalization was visualized using confocal microscopy. Cells show punctate regions of Cy3 intracellular labeling. Red: Cy3-labeled RNAs; blue: Hoechst 33342 for nuclear staining. Scale bars: 5 μm. NC, Cy3-labeled initial aptamer library; PDR3, Cy3-labeled anti-PDGFRα aptamer. (C) Quantification of internalization. Images were quantified to yield mean intensity per cell of the red fluorophore (Cy3) using Zen Blue (v2.3 Carl Zeiss Microimaging). Intensity level (12-bit) is presented on the y axis. Data are presented as the mean ± SD. NC, Cy3 labeled initial aptamer library; PDR3, Cy3 labeled anti-PDGFRα aptamers. (D) Relative expression of STAT3 mRNA transcripts was quantified using real-time PCR (qPCR) in U251-MG cells treated with 200 nM PDR3 or irrelevant aptamer (IRRE) over time. Data are presented as the mean ± SD. (E) Protein expression of STAT3 after treatment was measured by western blot. Cells were treated with PDR3 (200 nM) at 24-hr intervals, and total protein was extracted at 72 hr. For loading control, GAPDH was used. Each group is shown in duplicate. (F) Pixel intensity was quantified using Image-pro premier. Data are presented as the mean ± SD. (G) Relative expression of JMJD3 mRNA transcripts was quantified using qPCR in U251-MG cells treated with 200 nM PDR3 or IRRE for 48 hr. Data are presented as the mean ± SD. (H) Relative expression of p53 mRNA transcripts was quantified using qPCR on U251-MG cells treated with 200 nM PDR3 or IRRE for 48 hr. Data are presented as the mean ± SD. One-way ANOVA was used to assess statistical significance; \*p ≤ 0.05; \*\*p ≤ 0.01. CC, untreated control cells; PDR3, anti-PDGFRα aptamer.

PDR3 Suppresses Expression of STAT3 and Upregulates Gene Expression of JMJD3 and p53 in the Downstream Pathway {#sec2.3}
--------------------------------------------------------------------------------------------------------------

In previous studies, depletion of PDGFRα reduced expression of the transcription factor STAT3 in the PDGFRα-STAT3 regulatory axis.[@bib27] Therefore, we used qPCR to assess STAT3 gene expression after PDR3 treatment. We observed downregulation of STAT3 for up to 120 hr ([Figure 2](#fig2){ref-type="fig"}D). We assessed effects on STAT3 protein level using western blot, which confirmed significant downregulation of STAT3 protein expression following PDR3 treatment ([Figures 2](#fig2){ref-type="fig"}E and 2F). In the downstream pathway, PDR3-induced STAT3 inhibition induced upregulation of the histone H3K27me2/3 demethylase JMJD3, suggesting that JMJD3 is a direct target of STAT3.[@bib26] Therefore, we used qPCR to measure the expression level of JMJD3. We observed the significant upregulation of JMJD3 following PDR3 treatment ([Figure 2](#fig2){ref-type="fig"}G). In the downstream biological pathway, JMJD3 interacts with the tumor suppressor protein p53.[@bib34], [@bib35] Therefore, we used qPCR to determine p53 gene expression. As expected, p53 gene expression was increased in the PDR3 treatment group ([Figure 2](#fig2){ref-type="fig"}H).

PDR3 Induces Apoptosis via Tumor Suppressor p53 {#sec2.4}
-----------------------------------------------

To investigate the induction of apoptosis by the PDR3 aptamer, we assessed early apoptosis using Annexin V staining. The results of confocal microscopy ([Figure 3](#fig3){ref-type="fig"}A) and flow cytometry ([Figure 3](#fig3){ref-type="fig"}B) showed a significant increase in apoptosis following treatment of U251-MG cells with PDR3. To better understand the apoptotic mechanism, we used an antibody-based apoptosis proteome array to capture specific apoptotic signaling molecules. Compared with control, we observed significant upregulation of phospho-p53 (serine 15), phospho-p53 (serine 46), and phospho-p53 (serine 392) following PDR3 treatment ([Figures 3](#fig3){ref-type="fig"}C, top left, and [3](#fig3){ref-type="fig"}D). In addition, we observed upregulation of the death receptors: tumor necrosis factor (TNF)-related apoptosis-inducing ligand receptor 1/death receptor 4 (TRAIL-R1/DR4), TNF-related apoptosis-inducing ligand receptor 2/death receptor 5 (TRAIL-R2/DR5), Fas-associated via death domain (FADD), and Fas in the PDR3 treatment group ([Figures 3](#fig3){ref-type="fig"}C, top right, and [3](#fig3){ref-type="fig"}E). In contrast, we observed no difference in the expression of Bad, Bax, pro-caspase 3, or cleaved caspase 3 ([Figure 3](#fig3){ref-type="fig"}C).Figure 3Apoptosis Assays after PDR3 Treatment(A) U251-MG cells were treated with 500 nM PDR3 aptamer for 24 hr. The cells were stained with Annexin V-Alexa Fluor 488, and fluorescent images were taken using confocal microscopy. Green: Annexin V-Alexa Fluor 488; blue: Hoechst 33342. Scale bars: 10 μm. (B) Cells were stained with Annexin V and analyzed using flow cytometry after treatment with PDR3 for 24 hr. Propidium iodide (PI) was used to discriminate dead cells. (C) Apoptosis-related molecules were determined using protein array. Total proteins (200 μg) after treatment with PDR3 aptamer for 72 hr were used for apoptosis assays. Upregulated serine phosphorylation of p53 and death receptors TRAIL-R1, TRAIL-R2, FADD, and Fas were observed. (D and E) Pixel intensity of phospho-p53 (D) and death receptors (E) were quantified using ImageJ. Data are presented as the mean ± SD. (F) The EC~50~ of PDR3 was calculated, using PDGFRα *in vitro* kinase assay, to be 55 ng. (G) Cell viability was measured in U251-MG cells treated twice with various concentrations of PDR3 or IRRE at 24-hr intervals and harvested at a final incubation time of 48 hr. Cell viability was measured using MTS assay. Data were normalized to untreated control cells. Data are presented as the mean ± SD. (H) Inhibition of cell proliferation after PDGFRα activation with PDGF-AA ligands was measured using MTS assay. After pretreatment with PDR3 aptamer, PDGF-AA ligands were incubated with cells. Cell viability was measured using MTS assay. Cell proliferation was normalized to untreated control cells. Data are presented as the mean ± SD. One-way ANOVA was used to assess statistical significance; \*p ≤ 0.05; \*\*p ≤ 0.01. CC, untreated control cells; PDR3, anti-PDGFRα aptamer.

PDR3 Reduces Cell Viability {#sec2.5}
---------------------------

Our discovery that the PDR3 aptamer itself inhibited STAT3 expression and induced p53-mediated apoptosis was surprising. To measure the direct inhibition of kinase activity by PDR3, we used a luminance kinase assay to calculate the half maximal effective concentration (EC~50~ ) as 55.3 ng ([Figure 3](#fig3){ref-type="fig"}F). In addition, we determined cell viability; PDR3 significantly inhibited proliferation of U251-MG cells in a dose-dependent manner ([Figure 3](#fig3){ref-type="fig"}G). To determine whether PDR3 inhibits tumor cell growth by blocking PDGFRα activation, we pretreated U215-MG cells with PDR3, followed by incubation with PDGF-AA ligands. Our results showed that PDR3 did not block ligand-mediated activation of PDGFRα ([Figure 3](#fig3){ref-type="fig"}H).

PDR3 Affects the Regulation of Nuclear DNA Methylation {#sec2.6}
------------------------------------------------------

Because some cells showed nuclear translocation of PDR3 ([Figure 4](#fig4){ref-type="fig"}A), we assessed whole genome nuclear DNA hypomethylation after treatment of U215-MG cells with PDR3. We summarize the results for differentially methylated regions (DMRs) in promoters, gene bodies, and intergenic regions in [Figure 4](#fig4){ref-type="fig"}B. A complete list of DMR genes is shown in [Table S1](#mmc1){ref-type="supplementary-material"}. We clustered the DMRs using a hierarchical heatmap ([Figure 4](#fig4){ref-type="fig"}C) and observed variance between samples. Chromosomal views of methylation differences in specific genes, Cyclin D2 (CCDN2), zinc-finger protein (ZNF)286A, ZNF607, and ZNF876P, are shown in [Figure 4](#fig4){ref-type="fig"}D and [Figure S1](#mmc1){ref-type="supplementary-material"}. Based on all of these data, we developed a working model of the intracellular cascade resulting from PDR3 treatment ([Figure 4](#fig4){ref-type="fig"}E).Figure 4DNA Methylation by PDR3 Aptamer(A) Nuclear translocation of PDR3 was observed in live U215-MG cells using confocal microscopy. The nuclear region is indicated with a line. Nuclear translocation of PDR3 is indicated with an arrow. Red: Cy3-labeled RNAs; blue: Hoechst 33342 for nuclear staining. Scale bars: 10 μm. (B) The diagram summarizes the relative percentages of hypomethylated regions. Changes in DNA methylation were measured using the bisulfite method. (C) Hierarchical heatmap of hypomethylation changes induced by PDR3 treatment. Heatmap shows promoter methylation levels. Each group is shown in duplicate. (D) Chromosomal views of methylation differences in the CCND2 gene between control and PDR3 treatment. (E) Schematic working model of biological pathways affected by PDR3. Inhibition of STAT3 by binding of PDR3 to PDGFRα upregulates the expression of JMJD3 and its downstream effector p53. Activated p53 induces apoptosis-related genes such as TRAIL R1/R2, FADD, and Fas to promote cell death. Along with apoptosis, translocation of PDR3 into the nucleus induces methylation changes. NC, Cy3-labeled initial aptamer library; PDR3, anti-PDGFRα aptamer; CC, untreated cell control.

Chimeric PDR3 Inhibits the Expression of STAT3 {#sec2.7}
----------------------------------------------

Because PDR3 showed endocytosis into cells in binding assays, we constructed chimeras combining the PDR3 aptamer with siRNAs to investigate the feasibility of targeted delivery. In this study, we created chimeras by conjugating PDR3 to siRNA against the transcription factor STAT3 ([Figure 5](#fig5){ref-type="fig"}A). The sequences are depicted in [Table 1](#tbl1){ref-type="table"}. We compared *in vitro* internalization of PDR3 with chimeric constructs of PDR3 conjugated to scrambled siRNA control (PDR3-Scr) or siRNA to STAT3 (siSTAT3; PDR3-siSTAT3), or with irrelevant aptamer (IRRE) conjugated to siSTAT3 (IRRE-siSTAT3). Live confocal microscopy images, taken 2 hr after incubation, demonstrated the typical pattern of punctate cytoplasmic staining of Cy3-labeled PDR3 chimeras ([Figure 5](#fig5){ref-type="fig"}B). To confirm the ability of the chimeras to inhibit STAT3 gene expression *in vitro*, we treated U251-MG cells with PDR3-Scr, PDR3-siSTAT3, or IRRE-siSTAT3 chimeras. Cells treated with chimeric PDR3-siSTAT3 and PDR3-Scr showed significantly reduced expression of STAT3 mRNA for up to 120 hr, compared with control ([Figure 5](#fig5){ref-type="fig"}C). Given that PDR3 itself showed the suppression of STAT3, this may explain STAT3 suppression following treatment with PDR3-Scr. The PDR3-siSTAT3 chimeras showed slightly greater downregulation of STAT3, compared with PDR3-Scr. However, the difference was only statistically significant at the 72-hr time point. Both PDR3 chimeras decreased cell viability in a dose-dependent manner ([Figure 5](#fig5){ref-type="fig"}D).Figure 5The Inhibition of STAT3 Expression by PDR3-siSTAT3 chimeras(A) Schematic of cell surface receptor-mediated siRNA delivery. An RNA aptamer targeting PDGFRα, which is overexpressed on GBM, allows specific delivery of therapeutic siSTAT3 into target cells. (B) Intracellular uptake of chimeras. U251-MG cells were treated with 200 nM Cy3-labeled chimeric aptamer-siRNAs and analyzed using confocal microscopy, which shows punctate regions of Cy3 labeling in the cytoplasm. Red: Cy3-labeled RNA; blue: Hoechst 33342. Scale bars: 10 μm. (C) Relative expression of STAT3 mRNA transcripts was quantified using qPCR over time in U251-MG cells treated with 200 nM PDR3 chimeras. Data are presented as the mean ± SD. (D) U251-MG cells were treated with various concentrations of chimeras twice at 24-hr intervals and harvested at a final incubation time of 48 hr. Cell viability was measured using MTS assay, normalized to untreated control cells. One-way ANOVA was used to assess statistical significance; \*p ≤ 0.05; \*\*p ≤ 0.01. IRRE-STAT3, irrelevant aptamer with siSTAT3 sequence; PDR3-scr, PDR3 aptamer conjugated to scrambled siRNA control; PDR3-STAT3, PDR3 aptamer conjugated to siSTAT3 sequence.Table 1Sequences of PDR3 and Sense and Antisense Strands of STAT3 siRNANameSequencesPDR35′-GGGAGAGCGGAAGCGUGCUGGGCCUGCUCUUUAAUAAACCCACUUUCGAACAUCAGCGUAUGUCCAUAACCCAGAGGUGAUGGAUCCCCC-3′STAT3 sense5′-GCUGCAGAAAGAUACGACUUU-3′STAT3 antisense5′-AGUCGUAUCUUUCUGCAGCUU-3′

Discussion {#sec3}
==========

To increase the therapeutic index, aptamers that target cancer cell-specific surface receptors to achieve targeted delivery have become popular as cancer therapeutics.[@bib5], [@bib6], [@bib8] Aptamers have been well characterized for targeted delivery of cargoes. However, the molecular function of aptamers themselves has not yet been investigated. In this study, for the first time, we show that an anti-PDGFRα aptamer has gene regulatory functions. We prove that the anti-PDGFRα aptamer PDR3 inhibits expression of STAT3 in the regulatory axis of PDGFRα-STAT3. The histone demethylase JMJD3 is a direct downstream target of STAT3, which binds to the JMJD3 promoter.[@bib26] Therefore, inhibition of STAT3 could lead to upregulation of JMJD3. As expected, we showed that STAT3 suppression by PDR3 induced the upregulation of JMJD3. Further downstream, JMJD3 is recruited to p53-bound promoters[@bib34] and induces p53 stabilization by direct interaction between JMJD3 and p53.[@bib35] Therefore, we determined the gene expression level of p53 following PDR3 treatment and showed that p53 was activated via upregulated expression of JMJD3.

p53 is one of the most intensively studied tumor suppressors over the past 30 years as a potential therapeutic target. In particular, apoptotic cell death is closely associated with activation of p53 in human cancers.[@bib36] p53 targets multiple elements involved in apoptotic pathways: it acts as a transcription factor to induce pro-apoptotic genes,[@bib37] and it translocates to the mitochondria to interact with BCL-2 family members and induce apoptosis.[@bib38] Two major apoptotic mechanisms exist: the "intrinsic" pathway is activated by caspases and mitochondrial disruption, and the "extrinsic" pathway is induced by ligand binding to cell surface death receptors such TRAIL-R1/DR4, TRAIL-R2/DR5, FADD, and Fas.[@bib39] In the extrinsic apoptosis pathway, p53 activation increases expression of Fas, redistributes it from the Golgi complex to the cell surface, induces the binding of Fas and FADD, and sensitizes cells to Fas-induced apoptosis.[@bib40] Activated p53 is also involved in upregulating the TRAIL receptors DR4[@bib41] and DR5[@bib42] as cancer-specific apoptotic inducers;[@bib43] both TRAIL receptors bind FADD to induce apoptosis.[@bib44] Additionally, the transcriptional activity of p53 is regulated and stabilized by post-translational modifications such as phosphorylation.[@bib45] Phosphorylation at specific residues affects p53 transcriptional activity and its selectivity for genes that induce specific cellular responses. Phosphorylation of p53-serine 15 (pS15), p53-serine 46 (pS46), and p53-serine 392 (pS392) has been well studied in apoptosis. For example, p53-pS15 stimulates transactivation at p53 promoters.[@bib46] Activated p53-pS15 upregulates the pro-apoptotic gene Fas but does not upregulate the pro-apoptotic protein Bax.[@bib47] p53-pS46 regulates transcriptional activation of apoptosis-related genes such as p53AIP1.[@bib48] p53-pS392 induces non-BCL-2 family-mediated apoptosis.[@bib49] In this study, we observed upregulation of p53-pS15, p53-pS46, and p53-pS392 following activation of TRAIL DR4/5, FADD, and Fas to induce apoptosis after PDR3 treatment. However, we did not observe changes to the BCL-family, including Bax, after PDR3 treatment. Taken together, our results suggest that PDR3 mediates a biological molecular cascade in which downregulated expression of STAT3 via the PDGFRα-STAT3 axis activates expression of JMJD3. In turn, JMJD3 upregulation reverses polycomb complex-mediated repression of genes, which induce upregulation of p53 in GBM. p53 upregulation induces differential serine phosphorylation of p53, followed by activation of the death receptor-mediated extrinsic apoptotic pathway.

We also observed nuclear translocation of PDR3 in some cells. Previous studies have shown that PDGFRα and other RTKs are localized in the nucleus.[@bib50], [@bib51], [@bib52] Therefore, our observation of PDR3 nuclear localization suggests that it is mediated by the PDGFRα receptor. In some aspects of molecular biology, the nuclear localization of RTKs acts like a transcription factor.[@bib53] Thus, it is highly possible that gene regulation induced by the PDR3 aptamer could follow three possible mechanisms: (1) PDR3 directly inhibits the transcriptional role of PDGFRα in the nucleus; (2) PDR3 inhibits the binding of PDGFRα to specific DNA sequences for transcriptional gene regulation, because its transactivation activity is evidently dependent on DNA binding; or (3) additional associated molecules might be involved. To validate these possibilities, further studies are planned in the near future.

Furthermore, PDGF and PDGFRα are reported to form complexes with chromatin.[@bib54] Aberrant promoter methylation of tumor suppressor genes is a common feature of glioma cancer cells.[@bib55] Thus, to investigate PDR3-induced chromatin changes, we studied whole genome methylation. After PDR3 treatment, we identified DMRs at the promoters of CCND2, ZNF286A, ZNF607, and ZNF876P. CCND2 plays a pivotal role in cell-cycle regulation, differentiation, and malignant transformation,[@bib56] and loss of CCND2 is closely associated with aberrant promoter methylation.[@bib57] Our results suggest that hypomethylation of CCND2 might promote the transcriptional activation of tumor suppressors. ZNFs are the most common transcription factors in mammals.[@bib58] Some ZNFs such as ZAC, ST18, ZNF282, and ZNF331 are reported tumor suppressors.[@bib59], [@bib60], [@bib61], [@bib62] In our study, we detected hypomethylation at several ZNF promoters (ZNF286A, ZNF607, and ZNF876P) following PDR3 treatment; we will investigate the biological function of these ZNFs in GBM in further studies. Additionally, we will investigate key remaining questions, such as how DNA methylation is orchestrated by PDR3 and whether additional players are involved.

Structured single-strand RNAs (ssRNAs) such as aptamers are reported to elicit innate immune activation and induction of the caspase-mediated intrinsic apoptotic pathway.[@bib63] Our PDR3 aptamer induced a different mechanism of cancer cell death, i.e., the death receptor-mediated extrinsic apoptotic pathway. Because cancer cells are more sensitive to death receptor-mediated apoptosis than normal cells, PDR3 aptamers might increase the therapeutic index and be less harmful to normal cells. Given that ssRNAs activate the innate immune response,[@bib63] we will investigate the activation of the innate immune response such as expression of interferon-β and pro-inflammatory cytokines by PDR3.

In conclusion, we showed that PDR3, an RNA aptamer against the cell surface RTK PDGFRα, has therapeutic potential, based on downregulation of STAT3 and its induction of apoptosis via p53-mediated death receptors in GBM. Furthermore, translocation of the PDR3 aptamer to the nucleus might have potential for transcriptionally regulated anti-cancer therapeutics in GBM.

Materials and Methods {#sec4}
=====================

Cell Lines {#sec4.1}
----------

The U251-MG cell line (human glioblastoma, 0906300) was purchased from Sigma-Aldrich (St. Louis, MO, USA) and cultured according to the supplier's instructions.

Chemicals {#sec4.2}
---------

The DuraScribe T7 transcription kit (Lucigen, Middleton, WI, USA) was used to incorporate 2F′-modified pyrimidines into aptamers. Micro Bio-spin P30 columns (Bio-Rad, Hercules, CA, USA) were used to remove unincorporated nucleotide triphosphates (NTPs).

Recombinant Target Protein {#sec4.3}
--------------------------

Human PDGFRα protein (10556-H08H) was purchased from Sino Biological (Beijing, PR China). The recombinant protein was produced in human cells and expressed as the extracellular domain of human PDGFRα (NP_006197.1; Met 1--Glu 524) with a polyhistidine tag at the C terminus.

Protein SELEX {#sec4.4}
-------------

*In vitro* selection was carried out essentially as described previously,[@bib64] with a few modifications. The 2F′-RNA aptamers were selected from 40-nt randomized sequences constructed by *in vitro* transcription of synthetic DNA templates with NTPs (2′F UTP, 2′F CTP, GTP, ATP; Epicenter Biotechnologies) and T7 RNA polymerase. To remove RNAs that bind nonspecifically to agarose beads, 1.44 μM of the RNA library was pre-incubated with 20 μL of Ni-NTA agarose beads in 100 μL of binding buffer (30 mM Tris-HCl \[pH 7.5\], 150 mM NaCl, 5 mM MgCl2, 2 mM dithiothreitol, and 1% BSA) for 30 min at room temperature with shaking, precipitated by centrifugation, and discarded. The precleared supernatant was transferred to a new tube and incubated with 333 nM his-tagged human PDGFRα (hPDGFRα) for 30 min at room temperature. RNAs that bound to hPDGFRα were recovered, amplified by RT-PCR and *in vitro* transcription, and used in subsequent selection rounds. In subsequent rounds, hPDGFRα concentration was reduced by 2-fold at every third round for more stringent conditions. After nine rounds of SELEX, the resulting cDNA was amplified. The amplified DNA was cloned, and individual clones were identified by DNA sequencing. Structures of aptamers were predicted using NUPACK.[@bib32]

Flow Cytometry-Based Binding Assays {#sec4.5}
-----------------------------------

Aptamer binding was - assessed using flow cytometry. For this assay, U251-MG cells were detached using a non-enzymatic cell dissociation solution, washed with PBS, and suspended in binding buffer. Next, Cy3-labeled aptamers at 500 nM were added to target cells for 30 min at 0°C. Cells were washed with binding buffer and immediately analyzed using a Fortessa flow cytometer (BD, San Jose, CA, USA). For the exclusion of dead cells, DAPI (1 μg/mL) was used. The data were analyzed with FlowJo software.

Aptamer Internalization Studies {#sec4.6}
-------------------------------

1 × 10^5^ U251-MG cells were seeded in 35-mm glass-bottom dishes (MatTek, Ashland, MA, USA) and grown in appropriate media for 24 hr. Aptamer RNA was labeled with Cy3 fluorescent dye using the Cy3 Silencer siRNA labeling kit (Thermo Fisher Scientific, Waltham, MA, USA). Cy3-labeled aptamers were added to the cells at 200 nM, incubated for 2 hr, and washed for imaging. The images were taken using a Zeiss LSM 880 confocal laser scanning microscope with Airyscan using a C-Apo 63×/1.3NA water immersion objective. Internalization was quantified to yield mean intensity per cell of the red fluorophore (Cy3) using Zen Blue (v2.3 Carl Zeiss Microimaging).

Biosensor Assays {#sec4.7}
----------------

A Biacore T100 (GE Healthcare, Uppsala, Sweden) was used to perform label-free monitoring of aptamer-PDGFRα interactions in real time. Biotinylated aptamers were coupled to a streptavidin-coated Biacore chip (SensorChip SA, BR-1003-98; General Electric Company) by an injection at a concentration of 25 μg/mL in binding buffer (30 mM Tris-HCl \[pH 7.5\]; 150 mM NaCl; 5 mM MgCl~2~) at 10 μL/min. The RNA was refolded by heating to 65°C, followed by cooling to 37°C before immobilization. To measure binding kinetics, five concentrations of purified PDGFRα or PDGFRβ receptor proteins were injected at a flow rate of 10 μL/min. After binding, the surface was regenerated by injecting 50 mM NaOH at a flow rate of 15 μL/min for 20 s. Data from the control surface were subtracted. BIAevaluation software (GE Healthcare) was used for analysis. The binding data were fit to a 1:1 binding with a mass transfer model to calculate kinetics parameters as previously described.[@bib65], [@bib66]

Relative Gene Expression Analysis by qPCR {#sec4.8}
-----------------------------------------

1 × 10^5^ cells were seeded in six-well plates 1 day before treatment. Cells were treated with 200 nM IRRE or PDR3 twice at 24-hr intervals and harvested at various final incubation times. For IRRE, gp120 aptamers[@bib67] were used in the following assays. Total RNA was extracted and converted to cDNA using iScript reverse transcriptase (Bio-Rad), and the target genes were amplified using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad). The comparative threshold cycle (CT) method (ΔΔC~T~ method)[@bib68] was used to determine the expression level of targets. The housekeeping genes, hypoxanthine phosphoribosyltransferase (HPRT) or 18S, were used as endogenous controls to normalize the data.

Protein Expression by Western Blot Analysis {#sec4.9}
-------------------------------------------

For analyzing protein expression, U251-MG cells were seeded into six-well plates at a density of 1 × 10^5^ cells/well. PDR3 was incubated with the cells, in duplicate reactions, at a concentration of 200 nM. The treatment was repeated 24 hr later, and the cells were harvested at a final incubation time of 72 hr. Total protein was extracted using a conventional radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl, 150 mM sodium chloride, 1.0% Igepal, 0.5% sodium deoxycholate, and 0.1% SDS) with protease inhibitors. Total protein content was then quantitated using a Bradford assay, following the manufacturer's instructions (Bio-Rad Bradford Assay). Total protein extracts were separated by SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF) membranes, then probed with antibodies against STAT3 (Santa Cruz) or GAPDH (Santa Cruz). The proteins of interest were detected with a horseradish peroxidase (HRP)-conjugated secondary antibody (1:5,000) and visualized with Bio-Rad Western Sure ECL substrate, according to the manufacturer's protocol. Image-Pro Premier 9 was used to quantify pixel intensity.

Apoptosis Analysis {#sec4.10}
------------------

For early apoptosis analysis, Annexin V conjugated with Alexa Fluor 488 (A13201; Thermo Fisher) was used. 1 × 10^5^ cells were seeded in six-well plates 1 day before treatment with IRRE or PDR3 at 500 nM. After staining with Annexin V-Alexa Fluor 488, confocal microscopy or flow cytometry was used to assess apoptosis. To discriminate dead cells, we used propidium iodide (PI) to stain cells. For determining apoptotic pathways, a human apoptosis array kit (ARY009; R&D Systems) was used following the manufacturer's instruction. Image J was used to quantify the pixel intensity.

Cell Viability Assays {#sec4.11}
---------------------

To assess inhibition of cell proliferation, 5 × 10^3^ U251-MG cells/well were seeded in 96-well plates and grown in appropriate media 1 day before treatment. Cells were treated with aptamers at various concentrations twice at 24-hr intervals. Cell viability was measured using MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)) assay at a final incubation time of 48 hr (Promega, Madison, WI, USA). To activate PDGFRα receptors, PDGF-AA ligands (221-AA-010; R&D Systems) were incubated at 200 ng/mL with U251-MG cells that were pretreated with aptamers at various concentrations. As a NC for peptides, cells were treated with 0.1% BSA. Cell viability was measured at 48 hr using MTS assay.

Tyrosine Kinase Assays {#sec4.12}
----------------------

Tyrosine kinase was assayed to determine EC~50~ using a PDGFRα kinase enzyme system (V4487; Promega). Kinase or ATPase activity was detected using a luminescence system, according to the manufacturer's instructions.

DNA Methylation Assays {#sec4.13}
----------------------

1 × 10^5^ U251-MG cells/well were seeded in six-well plates 1 day before treatment with PDR3 aptamer. Cells were treated with 500 nM PDR3 twice at 24-hr intervals and harvested at a final incubation time of 48 hr to analyze DNA methylation. Reduced-representation bisulfite sequencing was performed by the City of Hope Integrative Genomics Core as previously described.[@bib69] DNA sequencing was performed using a HiSeq 2500 Illumina sequencer. Sequences were aligned to human genome assembly hg19 using Bismark v0.8.3. Subsequent analysis was implemented using R statistical language. Methylation levels were calculated for CpG sites covered by at least five or more reads. DMRs were identified using the following steps: CpG sites were first filtered to select the ones with methylation levels ≥0.5 as one group and \<0.5 as the other group, with a difference between them ≥0.25. Filtered CpG sites within 50 bp of each other were merged into regions as candidate DMRs. Linear regression was then applied to identify DMRs that showed significant differences between PFD3 and untreated control cell (CC) groups. False discovery rate (FDR) was calculated to adjust for multiple comparisons. The location of significant DMRs was annotated relative to Ref seq genes as promoters (transcriptional start site \[TSS\] ± 1 kb), gene bodies, or intergenic regions.

Statistical Analysis {#sec4.14}
--------------------

Data were analyzed using a one-way ANOVA test to assess statistical significance; \*p ≤ 0.05; \*\*p ≤ 0.01. Bar graphs represent the mean and SD across multiple independent experimental repeats.
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